solution analysis by inductively coupled plasma-optical emission spectrometry (ICP-OES).
Abstract
Sediments are ubiquitous in karst systems and play a critical role in the fate and transport of contaminants. Sorbed contaminants may be stored on immobile sediments or rapidly dispersed on mobile sediments. Sediments may also influence remediation by either enhancing or interfering with the process. To better understand the potential effects of sediments on remediation, we conducted physical and chemical characterizations of 11 sediment samples from 7 cave and spring deposits from karst regions of Tennessee, Virginia, and West Virginia. The samples were analyzed for particle-size distribution using sieves and laser diffraction particle analysis. The sediment size fraction <2 mm (sand, silt, and clay) was analyzed for slurry pH and specific conductivity (SC) using electrodes and for bulk total carbon, organic carbon, nitrogen and sulfur on an ElementarTM Vario MAX Cube CNS. The same <2 mm fraction was subjected to a pseudo-total extraction using aqua regia with subsequent
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Methods
Sediments were collected from seven springs and caves in Tennessee, Virginia, and West Virginia (Table 1) . The samples were collected from a small springhouse (believed to be largely mobile sediments) and deposits along cave streams that appear to have been in place for the long term. Several samples were obtained from Worley Cave, a location known to contain abundant Mn-oxidizing bacteria (Carmichael et al., 2013) . One sediment sample was collected from a thermal, ironrich, tufa-precipitating spring (CHAL) and one from a saltpeter cave (POLF) to provide a broader range of sediment chemical types. All samples were collected from locations believed to be free of contamination so that the results represent natural background conditions. The sediments were collected as grab samples and composited manually. After air-drying, aliquots were created using a splitter. Particle sizes were determined on triplicates by sieving with subsequent analysis of the silt and clay fraction using a Beckman Coulter LS 13-320 single-wavelength laser diffraction particle analyzer. A separate aliquot of each sample was passed through a 2-mm sieve and retained for the chemical analyses.
Specific conductance (SC) and pH were measured using calibrated Hanna Instruments laboratory electrodes on slurries shaken at 100 rpm for 1 hour Following
Introduction
Sediments are ubiquitous in karst systems and play a critical role in the fate and transport of contaminants. Contaminants readily sorb to sediments in all aquatic settings; if the sediments are mobile, contaminant transport can be facilitated but if the sediments are immobile then transport can be slowed causing longterm storage of contaminants. The potential for either outcome is accentuated in a karst aquifer because of (1) the ease with which sediments can be introduced to the aquifer; (2) the large mass of sediments that may be present; and (3) an open matrix that permits solid transport. Furthermore, the groundwater velocity in karst aquifers may respond rapidly and dramatically to storm events altering the distribution between mobile and deposited sediments. Numerous recent studies have reported punctuated transport of sediments during storms (Dogwiler and Wicks, 2004; Herman et al., 2008; Mahler and Lynch, 1999; Reed et al., 2010) and contaminant transport in association with sediments (Loop and White, 2001; Talarovich and Krothe, 1998; Vesper and White, 2003) .
Sediments may also pose challenges for the remediation of karst aquifers. Remedial techniques that employ oxidation-reduction processes, such as bioremediation or electrochemical remediation, may be particularly prone to complications from sediments. Sediments can interfere with both redox and pH buffering capacity of the groundwater; sediments rich in redox-active species such as Fe and Mn can either enhance or interfere with the remedial process and well-buffered water samples can interfere with technologies relying on pH changes (e.g., Fenton reaction). For example, a remediation approach that relies on the addition of energy to change the redox state of the system may be forced to first change the states of elements in the sediments before it influences the contaminants of interest. The significance of this problem depends on the elemental concentrations and the associated standard reduction potentials.
The purpose of this study was to characterize karst sediments with a range of chemistries so that they could be used for remediation experiments. The purpose was not to characterize representative samples or to place them into the geologic context of each location. This paper reports the preliminary data obtained. Composite samples from a cave known to contain Mn-metabolizing microbes (Carmichael et al., 2013 sediments from a Chinese cave system where pH ranged from 7.8 to 8.2 (Yun et al., 2016) .
Most of the measured SCs ranged between 44 and 210 μS/cm (Figure 2 ). The tufa spring sample CHAL was higher (726 μS/cm) and the saltpeter sample POLF was significantly higher (8500 μS/cm) than the others.
published methods (Hanlon, 2015; Kalra, 1995) , a 1:1 sediment-to-water ratio was used for pH and a 1:2 ratio for SC; replicates of 6 were measured.
The <2 mm sediment was analyzed on an ElementarTM Vario MAX Cube CNS for total carbon, nitrogen, and sulfur. Organic carbon was determined on the same instrument but after first pre-treating the sediment with concentrated hydrochloric acid to dissolve any inorganic carbon. Sample CHAL, from the tufa-depositing spring, completely dissolved during the pre-treatment process.
Pseudo-total extractions were completed in replicates of three. Approximately 3 grams of each sediment sample (<2 mm) was subjected to an aqua regia solution for 16 hours at room temperature followed by heating for 2 hours at 130°C in a CEM MARS Express microwave.
The extractant solution was filtered and analyzed using inductively coupled plasma-optical emission spectrometry (Agilent 720 ICP-OES). All concentrations are reported relative to the initial dry mass.
Results and Discussion
Sediment particle sizes ranged from sand to clay (Figure 1) . Three of the sediments were dominated by sands (DLBK, MEFF, and MEFFC): these samples were collected from bank deposits on the sides of active cave streams. Sample DLBK was taken approximately 1 meter above the cave floor from a >2-meter high sediment deposit. The bank deposits in MEFF are thinner (<1 meter); the MEFF sample was a composite from the top 10 cm of sediment and MEFFC was from a darkened crust on top of the sediment. The spring samples (CRAB1, CRAB2, and CHAL) were fine-grained with some gravel. The two CRAB samples were collected from a springhouse that periodically fills with solids; this material is presumed to originate from the mobile sediments transported by the spring water. Sample CHAL was obtained from a tufa-depositing spring. Based on sample dissolution during the addition of acid, this sediment contained nearly all carbonate precipitates.
The average slurry pHs ( Figure 2) were lowest for the spring samples from CRAB (6.7 to 6.8) and highest for the cave samples from WORL (8.2 to 8.4). The samples collected from limestone caves generally had pHs greater than 7.7; the samples from springs (CRAB1, CRAB2, and CHAL) and from the saltpeter cave (POLF) had slightly lower pH values (Figure 2 ). The range of pH values measured is comparable to that reported for
Figure 1. Relative distribution of sand, silt, and clay fractions. Sediments from springs (black) and cave deposits (light gray). Averages from three replicate samples are shown.
Figure 2. pH and SC from slurry samples from springs (black) and cave sediments (gray). Error bars are standard deviations for replicates of 6. The SC for POLF is not shown (8,500 +/-158 μS/cm).
of redox-sensitive species indicate that sediments of this type would be expected to have a major impact on remediation processes. All other samples had <2 g/kg N and <1 g/kg S.
Solutions from the pseudo-total extractions were analyzed for Al, Ca, Fe, Mg, and Mn (Table 3) . The Ca and Mg were included as proxies for carbonate minerals, the Al for clays, and the Fe and Mn as redox-sensitive species that may affect the remedial processes.
The relative concentrations of the extracted element groups (Figure 3 ) are comparable to a similar data set collected from Kentucky (Vesper, 2002 (2003) the Al in suspended sediments correlated closely with concentrations of Fe, As, Cr, Pb, and Ni. Similarly, correlations between Al and Ni, Cr, Cu, and Cd have been reported for sediments deposited at the karst sediments at the Plitvice Lakes National Park in Croatia (Mikac et al., 2011) . In this study, the Al concentration does not correlate closely with either Fe or Mn (Figure 4 ).
The bulk concentrations of C, N, and S varied by location (Table 2 ). Total C concentrations are a mixture of inorganic and organic carbon. CHAL, the sample from the tufa-depositing spring, contained the highest concentration of total C but contained no organic carbon (and thus has effectively 0% F oc ). The other spring samples (CRAB1 and CRAB2) contained the next highest concentrations of carbon.
Organic carbon plays a critical role in the transport and storage of organic contaminants because sorption is generally proportional to the concentration of organic carbon naturally present in the sediments (Schwarzenbach et al., 2002) . Spring sediments CRAB1 and CRAB2 contained the highest concentrations of organic carbon followed by the MEFFC crust sample. The range of Foc in this study (0.1-1.9%) is comparable to reported data from karst sites in KY (0.15-2.0%) by Vesper and White (2004) and sites in China (0.2 to 0.7%) by Yun et al. (2016) . Sediments with high concentrations of organic carbon are expected to affect redox-based remedial actions.
The POLF saltpeter sample contained the highest concentrations of N and S as would be expected. Saltpeter caves were historically used for gunpowder production (Hill et al., 1981; Powers, 1981) . Although these are unusual deposits, the elevated concentrations Note: Organic-C concentration at CRAB1 was slightly higher than the total C indicating the values agreed within resolution of the measurement; Organic-C could not be measured for CHAL because the sample dissolved when acid was added. F oc is the fraction of organic carbon (the concentration reported as a percent). The fraction of organic carbon (F oc ) is the measured concentration (mg/kg of dry mass) expressed as percent. The Ca and Fe concentrations were highest in the iron-rich tufa-depositing spring. This is a thermalmineral spring and can be expected to have a different sediment chemistry than do the other locations. It has been provided in this study as an example of the range of possible sediments that may be encountered in karst areas.
The second highest Fe concentration was measured in RPMS along with the highest Mn concentration. This sample was collected from a cave located in a karst window; this cave was recently discovered by the landowner during building excavation. No water was flowing over the sediment at the time of sample collection although there were indications of previous water flow.
Summary
The concentration data obtained for sediments in this study are provided as an example of the potential materials encountered in sediments that may influence remediation activities. Most of the recent research conducted on karst sediments is focused on sediment size and transport processes rather on the sediment chemistry. The lack of significant correlations for Al 
